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Available online 7 June 2016Several populations with stem cell characteristics have been identiﬁed in the mouse hair follicle, and some are
characterized by speciﬁc subsets of surface markers.
Here we investigate to what extend a multicolor panel of the four surface markers CD34, Sca-1, Integrin-α6 and
Plet-1 is sufﬁcient for separating previously described populations. We used global transcriptome proﬁling to
characterize these, andwe also performed transcriptome analysis of selected populations after twoweeks of cul-
turing. This has not been done before in a context of multiple populations.
We identiﬁed eight populations of which two have not been described previously: A subset expressing integrin-
α6 only and a subset expressing all markers but CD34. Both subsets are highly clonogenic. Transcriptome proﬁl-
ing also showed expression of Hspa2 in a population negative to all markers and immunostaining identiﬁed this
population as inner root sheath keratinocytes.
All cultured populations lost characteristics from the parent population and could not be separated based on the
gene expression proﬁle.
Our data shows that ﬂow cytometry using multicolor panels can identify further subsets of cells within the epi-
dermis and also highlights a marked discrepancy in gene expression between directly isolated cells and tissue
cultured cells.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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The mammalian epidermis and its annex are continuously renewed
throughout life. This regenerative capacity relies on stem cells or pro-
genitor cells that are located in anatomical sites that are sometimes
termed stem cell niches (Fuchs and Horsley, 2011). Several markers
have been identiﬁed for labeling the various compartments of the
mouse hair follicle. Cluster of differentiation 34 (CD34)was theﬁrst sur-
face marker that allowed for the isolation of cells with stem cell charac-
teristics by ﬂuorescence activated cell sorting, FACS (Trempus et al.,
2003). Identiﬁcation of hair follicle cells outside the bulge with colony
forming potential was published by Nijhof et al. using the antibody
MTS24 (Nijhof et al., 2006). This was later shown to identify the glyco-
protein Placenta-expressed transcript 1, Plet-1 (Trempus et al., 2003;
Depreter et al., 2008). Common to both bulge cells and the colony
forming Plet-1pos cellswere high levels of Integrin-α6 (Itgα6). However,
by using a combination of antibodies against CD34, Itgα6 and Sca-1
(Stem cell antigen-1) we have previously shown the existence of a pop-
ulation with low levels of Itgα6 and negative to CD34 and Sca-1 that
could regenerate the entire epidermis including the annexes (Jensenthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cling as compared to bulge cells.
Sca-1 has for a number of years been used as a positive marker to
isolate stem cells or progenitor cells from a number of tissues
(Spangrude et al., 1988; Klimmeck et al., 2014; Holmes and
Stanford, 2007). Inclusion of antibodies against Sca-1 in the antibody
panels is now more or less standard when FACS isolating mouse epi-
dermal cells as it separates the lower hair follicle and the upper hair
follicle (isthmus) from the infundibulum and the interfollicular
epidermis which are Sca-1pos (Jensen et al., 2008). The basal
keratinocytes located within the junctional zone and isthmus are
positive for the Myc target gene Lrig1 and constitutes a highly prolif-
erative epidermal population (Jensen et al., 2009). In contrast to the
Sca-1pos cells, they also show high colony forming efﬁciency in vitro.
In the murine dorsal skin hair follicle, Lrig1 and Plet-1 seem to be
co-expressed (Page et al., 2013) and it has been suggested that
Plet-1 regulates cellular motility by preventing tight attachment to
the underlying matrix (Raymond et al., 2010).
Othermarkers locatedwithin the upper isthmus and junctional zone
have also been identiﬁed. B lymphocyte-induced maturation protein 1,
Blimp1 was initially thought to mark sebocyte progenitor cells (O.C.D.
et al., 2006), but this has recently been re-evaluated. Blimp1 is now be-
lieved to be expressed in terminally differentiated cells located within
the upper hair follicle, sebaceous glands and granular layer of
interfollicular epidermis where it co-express with the differentiation
markers involucrin and Krt31 (Kretzschmar et al., 2014). In addition,
SCD1 gene expression has also been coupled to the sebaceous glands
(Zheng et al., 1999). Gli1-expressing cells can be found within the isth-
mus and also the distal portion of the bulge, where they span from
Krt15posCD34pos lower bulge to Krt15posCD34neg hair germ cells
(Brownell et al., 2011). The Lgr6pos cells seem dispersed and are located
at the lower isthmus, sebaceous glands and interfollicular epidermis
and based on the global transcription proﬁle, the Lgr6pos keratinocytes
are biochemically distinct from the highly cycling and clonogenic Lgr5-
pos population of the lower bulge (Snippert et al., 2010).
Several pairwise gene expression proﬁles have been made between
hair follicle stem cells expressing a marker of interest and a negative
control (Nijhof et al., 2006; Page et al., 2013; Snippert et al., 2010;
Morris et al., 2004; Blanpain et al., 2004; Jaks et al., 2008; Nath et al.,
2011). However, the negative controls are often the remaining cells or
CD34pos cells alone. These pairwise comparison studies give us a better
understanding onwhat separates the different stem cell populations on
a gene expression level and in the long term their functionality. Still, the
use of different negative controls or selected genes on RT-PCR makes it
difﬁcult to compare their results and draw conclusions on how they re-
late to each other. This study emphasizes the usefulness of multicolor
ﬂow cytometry aswe can identifymultiple distinct populationswithout
the need for transgenic animals. The populations are tested for
clonogenic capacity and we show for the ﬁrst time a more comprehen-
sive comparison of gene expression proﬁles of different epidermal stem
cell populations.
2. Materials and methods
2.1. Media and reagents
Following reagents were used: PBS without Ca2+ andMg2+ (Lonza,
Basel, Switzerland). PBS-BSA: PBS supplemented with 0.1% Bovine
Serum Albumin (Sigma-Aldrich, Seelze, Germany). D10: DMEM
(Lonza, Basel, Switzerland) supplemented with 10% fetal calf serum
(Biosera), penicillin-streptomycin (Sigma-Aldrich, Seelze, Germany)
and D-Glutamine (Sigma-Aldrich, Seelze, Germany). Trypsin-EDTA:
0.25% trypsin (Fisher Scientiﬁc, Waltham, USA) supplemented with
5 mM EDTA. TBS: Ultra ﬁltrated water with 0.9% NaCl, 20 mM Tris-
HCl, pH 7.4. FAD medium: 67.5% Dulbecco's modiﬁed Eagle's medium
with 4.5 g/L glucose without Ca2+ (Fisher Scientiﬁc, Waltham, USA),22.5% Ham's F12 medium (Fisher Scientiﬁc, Waltham, USA) and Ca2+
chelated 10% fetal calf serum (Biosera, Boussens, France) supplemented
with 5 μL/mL insulin (Sigma-Aldrich, Seelze, Germany), 10−10 M chol-
era toxin (Sigma-Aldrich, Seelze, Germany), 1.8 × 10−4 M adenine
(Sigma- Aldrich, Seelze, Germany), 10 ng/mL EGF (Invitrogen, CA,
USA), 0.4 μg/mL hydrocortisone (Sigma-Aldrich, Seelze, Germany),
100 U/mL penicillin and 100 μg/mL streptomycin (Sigma-Aldrich,
Seelze, Germany) with Ca2+ added to a ﬁnal concentration of 0.7 mM.
2.2. Isolation of epidermal keratinocytes
To access the dorsal hair follicle cells in the second telogen phase,
C57Bl6/J female mice at 7–9 weeks of age were purchased (Janvier
Labs, Saint Berthevin, France) and kept in the animal facility at Aarhus
University in accordance with the guidelines of Danish Veterinary and
Food Administration. Mice were sacriﬁced by cervical dislocation and
dorsal skin was shaved using a razor machine before its removal using
sterile scissors. The skin was rinsed in 5% betadine for 30 s, 70% EtOH
for 2 min, and washed in PBS. Fat and connective tissues were gently
scraped away from the dermal side using sterile scalpels and forceps.
The skin were kept ﬂoating on Trypsin-EDTA for 16 h at 4 °C after
which hair follicle keratinocytes were isolated by gently scraping the
epidermal side in D10 to inhibit trypsin activity. Cells were ﬁltered
through 40 μm cell strainer (Fisher Scientiﬁc, Waltham, USA), centri-
fuged at 4 °C for 200 ×g for 10 min, re-suspended in PBS-BSA and
kept on ice until further processing.
2.3. Flow cytometry and immunoﬂuorescence staining
Freshly isolated keratinocytes were stained in PBS-BSA on ice for
30min. The following cell surface antibodies were used for immunoﬂu-
orescence staining: Brilliant Violet 421-conjugated CD34 (clone
RAM34; BD Biosciences, New Jersey, USA); PE-conjugated Itgα6
(CD49f, clone GoH3; BD Biosciences, New Jersey, USA); PE-Cy/7-conju-
gated Sca-1 (Ly-6A/E, clone D4; BD Biosciences, New Jersey, USA); APC-
conjugated Plet-1 (clone 33A10; Mubio, Susteren, Netherlands) using
Lighting-link labeling kit (Innova Biosciences, Braham, UK). The intra-
cellular antibodies Keratin 79 (clone Y-17; Santa Cruz Biotechnology,
Dallas, USA) and Hspa2 (EPR4596; Abcam, Cambridge, UK) were used
together with secondary antibody Alexa Fluor 488 (Fisher Scientiﬁc,
Waltham, USA). Cells were analyzed and sorted through a FACSAria III
cell sorter equipped with four lasers; 405 nm violet, 488 nm blue,
561 nm yellow-green and 633 nm red. A 100 μm nozzle and a pressure
of 20 psi were used. Propidium iodide (Bio-Rad, Hercules, USA) was
used to exclude dead cells. For subsequent immunoﬂuorescence stain-
ing, cells were prepared by cytospin at 200 ×g for 5 min, ﬁxated for
30 s in methanol, washed, stained and visualized using ﬂuorescence
microscopy.
2.4. Clonogenicity assay
For clonal growth assays, 2500 stained keratinocytes were sorted
into 6-well plates pre-seeded with mitotically inactivated J2-3T3
mouse embryonic ﬁbroblasts. Cells were grown in complete FADmedi-
um, whichwere freshly replaced every second day. After 14 days of cul-
ture, feeder cellswere removedwith 0.15mMEDTAand the plateswere
ﬁxated with 2% neutral buffered formaldehyde (Cellpath Ltd., New-
town, UK) for 10 min, stained with 2% Rhodamine for 30 min and
washed with PBS. The number of colonies and colony sizes were mea-
sured for each population. The assay was conducted as three indepen-
dent experiments (n= 3).
2.5. Whole-mount preparation
Mouse tail skin was isolated by performing a longitudinal section
and subsequently peel off the skin from the bone and connective tissue.
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in PBS with 5 mM EDTA essentially as described by Braun et al. (2003).
Epidermal sheets were gently separated from dermis using forceps and
ﬁxated in 2% neutral buffered formaldehyde (Cellpath Ltd., Newtown,
UK) for 10min and kept in PBS at 4 °C until subsequent immunoﬂuores-
cence staining. Images were taken using ﬂuorescence microscope or
LSM 710 confocal microscope (405 nm, 488 nm, and 633 nm lasers;
Carl Zeiss, Oberkochen, Germany) with Zen software (Carl Zeiss,
Oberkochen, Germany).
2.6. Cell proliferation analysis
Each mouse received dorsal subcutaneous injection of 2 mg EdU
(Life Technologies, Carlsbad, USA) in 200 μL 0.9% NaCl2. The mice
were sacriﬁced 2 h later and keratinocytes were isolated, zinc-ﬁxated
as described by Jensen et al. (2010) and stored at−20 °C until further
processing. Upon analysis, cells were washed in TBS for 3 × 15 min,
stained with Alexa Fluor 488 click-it reaction mix (Life technologies,
Carlsbad, USA) according to the manufacturer's protocol and with anti-
bodies targeting Itgα6, CD34, Sca-1 and Plet-1.
2.7. RNA isolation
For each population, 40,000 cells were sorted by FACS into a 1.5 mL
micro tube (Sarstedt, Nümbrecht, Germany) containing 200 μL homog-
enization solution and 4 μL lysis buffer (Maxwell 16 LEV simplyRNA;
Promega, Fitchburg, USA) at 4 °C. The solutions were vortexed at maxi-
mum speed for 15 s, snap frozen on dry ice and stored at−80 °C until
further processing. For RNA isolation, 200 µL lysis buffer (Maxwell 16
LEV simplyRNA; Promega, Fitchburg, USA) was added to each tube.
The lysates were afterwards vortexed at maximum speed for 15 s and
further processed according to the manufacturer's protocol. Isolated
total RNA was stored at−80 °C.
2.8. Real-time polymerase chain reaction (RT-PCR)
cDNA was generated from total RNA using AMV First Strand cDNA
Synthesis Kit (Roche, Basel, Switzerland) according to the
manufacturer's protocol. Each RT-PCR reaction was mixed in a total of
10 μL: 2.5 μL cDNA, 5 μL SYBR Green I (Life technologies, Carlsbad,
USA) and 2.5 μL 2 μM forward/reverse primers in technical duplicates
or triplicates. The mixtures were aliquot into 96-well PCR-plates (Life
technologies, Carlsbad, USA) and run on LightCycler 480 (Roche, Basel,
Switzerland) with following cycling setup: Initial denaturation at
95 °C, 45 cycles at 57 °C for 10 s and 72 °C for 10 s. Melting curves
were analyzed to ensure that each primer pair only generate one PCR
product. Primers were designed to target separate exons. Sequences
are listed in Table S1. Fold change was calculated relative to the house
keeping genes GAPDH and SDHA.
2.9. Microarray data generation
cDNA libraries and gene expression proﬁleswere generated byAROS
Applied Biotechnology (SciencePark Skejby, Denmark). RNAquality and
quantity was determined using RNA 6000 Pico kit (Agilent Technolo-
gies, Santa Clara, USA), pre-ampliﬁed using Pico WTA & Encore BiotinII
Module labeling kit (Nugen, San Carlos, USA) and hybridized to
MouseWG-6 v2 BeadChips (Illumina, San Diego, USA).
2.10. Microarray data analysis
Microarray data was analyzed using GeneSpring GX software
(Agilent Technologies, Santa Clara, USA). After quintile normaliza-
tion and ﬁltering on present probes, ANOVA analysis was used with
Benjamini-Hochberg false discovery rate (FDR) (p adj. b 0.05 and
log Fold Change (logFC) N 0.5) to discover differently expressedgenes (DEGs) between the epidermal populations. Functional exam-
inations were generated on nominally signiﬁcant DEGs using Inge-
nuity Pathways Analysis (Qiagen, Hilden, Germany) and Database
for Annotation, Visualization and Integrated Discovery (DAVID) GO
annotation tools.
3. Results
3.1. Plet-1-expressing cells can be subcategorized into three subpopulations
by ﬂow cytometry
Surface antibodies are widely used in ﬂow cytometry to identify and
isolate keratinocyte stem cells. Themost common procedure is to target
the epitopes of CD34, Itgα6 and Sca-1, by which one can isolate ﬁve
populations based on their gene expression levels (Jensen et al.,
2008). Gene expression of the surface marker Plet-1 has previously
been coupled to hair follicle keratinocyte progenitors (Nijhof et al.,
2006) and by adding Plet-1 to the panel, we can identify additionally
three populations (Fig. 1A): Plet-1posSca-1posItgα6highCD34neg
(PletA6Sca), Plet-1posSca-1negItgα6highCD34neg (PletA6) and Plet-1-
posSca-1negItgα6lowCD34neg (Plet). These populations constitute
approximately 2%, 4% and 4% respectively of the total viable
keratinocyte pool. To avoid most differentiated cells of both sebaceous
glands and interfollicular skin, we also gated on small size. To verify
that this indeed excludes sebocytes we stained the cells using HCS
LipidTOX, and found that size gating excludes cells that are LipidTOXpos.
These cells are Plet-1negSca-1intermediateItgα6lowCD34neg (Gunnarsson et
al., 2016 Data in Brief Fig. 2A–E). As CD34posItgα6low cells have been ex-
tensively studied and compared to CD34posItgα6high cells, we chose not
to include this population in this study (Blanpain et al., 2004). The ﬂow
cytometry also reveals additional two populations of keratinocytes
(Fig. 1A). One population is negative to all four surface markers and
based on the expression proﬁle we named this population IRK (inner
root sheath keratinocytes). The other is positive to Itgα6 only (popula-
tion A6), however the expression proﬁle does not uniquely imply the
physical localization of this population. Using ImageStream ﬂow
cytometer, single cell images were acquired for cells of each population
(Gunnarsson et al., 2016 Data in Brief Fig. 3). In congruence with the
ﬂow cytometer dot plots (Fig. 1A), Plet showed higher staining intensity
of Plet-1 expression than PletA6 and PletA6Sca. The basal-layered popu-
lations showed a polarized cell-surface localization of Itgα6, which was
found at the opposite cellular side of the CD34 protein in Bulge
(Gunnarsson et al., 2016 Data in Brief Fig. 3).
3.2. Sca-1 expressing Plet-1 positive cells are highly clonogenic
To test the populations for their colony forming efﬁciency (CFE), a
hallmark of progenitor cells, we performed colony forming assays.
Freshly isolated keratinocytes were stained with surface markers for
CD34, Itgα6, Sca-1 and Plet-1 and Fig 1D-E shows the results from
three separate experiments. From each population 2500 cells were
sorted by FACS into 6-well plates pre-platedwithmitotically inactivated
J2-3T3 mouse feeder cells and cultured in mouse FAD medium. After
14 days, the sorted keratinocytes had formed colonies (Fig. 1B and
1C). A6 (Plet-1negSca-1negItgα6highCD34neg) and PletA6Sca showed
highest colony forming efﬁciencies (CFE) followed by PletA6, while the
populations Plet, IFE (Plet-1negSca-1posItgα6highCD34neg), Bulge (Plet-1-
negSca-1negItgα6highCD34pos) and IRK (Inner root sheath keratinocytes;
Plet-1negSca-1negItgα6lowCD34neg) showed in comparisons signiﬁcantly
lower CFE (Fig. 1D). In terms of colony size, most populations had be-
tween 30–50% of the colonies larger than 4 mm in diameter. Colonies
of large sizewere rarely seen in IFE or Plet (Fig. 1E). The high in vitro pro-
liferation capacity of PletA6Sca was also seen by conducting short-time
EdU pulse labeling in vivo, in which mice received dorsal subcutaneous
injection of the DNA analogue. Normally, Sca-1 positive cells produce
few colonies; however, PletA6Sca was highly proliferative in the CFE
Fig. 1. Outline of the FACS strategy: The epidermal populations show different colony forming efﬁciencies in vitro and different mitotic activity in vivo. Freshly isolated keratinocytes were
stained with ﬂuorochrome-conjugated surface antibodies Sca-1-PE/Cy7, Itgα6-PE, CD34-BRV421 and Plet-1-APC. Using ﬂow cytometry, cells were ﬁrst gated on small size with forward/
side scatter, viability with PI exclusion (Gunnarsson et al., 2016 Data in Brief Fig. 2) and thereafter gated on their Plet-1 expression (A). Plet-1pos cells were further gated for absence of the
bulge marker CD34 to isolate the populations Plet, PletA6, PletA6Sca by their expression levels of Sca-1 and Itgα6. The horizontal and vertical histograms illustrate Plet-1 expression of the
dot plots. The Plet-1neg cells were gated to isolate the CD34 positive Bulge. The CD34neg populations consisting of IFE, A6, IRK and Scawere deﬁned based on their gene expression of Sca-1
and Itgα6. (B-E) Colony forming assays. For each keratinocyte population, 2500 cells were sorted upon mitotically inactivated J2-3T3 feeder cells in 6-well plates. Cells were cultured in
complete FAD medium, which were shifted every second day. Each experiment was made in biological triplicates. (B) After 14 days in culture, colonies were ﬁxated in 2% NBF and
visualized using 2% Rhodamine. (C) Closer view on colonies from the different populations. (D) Colony forming efﬁciencies (CFE) were calculated and (E) colony sizes measured.
(F) Summary graph for the in vivo proliferation assay. Mice were subjected to subcutaneous injection of 2 mg EdU in 0.9% NaCl2, sacriﬁced 2 h later and isolated keratinocytes were
ﬁxated in 2% NBF. Click-it reaction was made with Alexa Fluor 488. The percentage of EDUpos cells were measured using ﬂow cytometry. Scale bar: 0.5 mm. Error bars represent SEM
(n= 3).
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short-time pulse labeling, in which mice received dorsal subcutaneous
injection of the DNA analogue EdU. Two hours later, keratinocytepopulations were isolated and analyzed. PletA6Sca showed around 6%
EdUpos cells, followed by PletA6 with 2–3% EdUpos cells and IFE which
typically had less that 2% EdUpos cells (Fig. 1F).
Fig. 2. Plet-1 expression within the hair follicle. Fixated tail whole-mounts were stained
using Plet-1 antibody together with antibodies against Itgα6 or Sca-1 and visualized
using confocal microscopy. (A1–A3) Stacked view of two hair follicles viewed by their
expression of (A1) Itgα6 (green), (A2) Plet-1 (red) or (A3) merged. (B1-B3) Higher
magniﬁcation stacked view on the centrally located hair follicle compartments. (B1)
Sca-1 (green), (B2) Plet-1 (red) and (B3) merged. Dotted lines mark sebaceous glands.
IFE/IFD: interfollicular epidermis/infundibulum; SG: sebaceous glands. (C1–C5) Hair
follicle section views of Itgα6 (green), Plet-1 (red) and PI nucleus staining (blue). White
arrowhead marks one cell located at the outer root sheath that expresses Itgα6 and
Plet-1. White arrow points at one suprabasal cell with Plet-1 expression but no Itgα6.
(D) Flow cytometry histogram showing the Itgα6 expression levels of the populations
Plet, PletA6, PletA6Sca and Bulge. Scale bar: 50 μm.
195A.P. Gunnarsson et al. / Stem Cell Research 17 (2016) 191–2023.3. Anatomical location of the identiﬁed populations by confocal
microscopy
Since the resolution of the ﬂow cytometry data is relatively high in
the sense that the described populations can be identiﬁed by the
histograms, we expected that it would be possible to pinpoint the loca-
tion of each population using confocal microscopy. We chose confocal
microscopy since the epidermis and its annexes comprise a complicated
three-dimensional structure and control of the axis is crucial to the in-
terpretation. Thus, to visualize Plet-1 follicular localization, murine
whole-mounts were stained with antibodies targeting Plet-1 together
with antibodies against Itgα6 (Fig. 2A) or Sca-1 (Fig. 2B). The expression
of Plet-1 and Sca-1 overlap in the zone between the sebaceous unit and
the infundibulum and thus points to the position of the population
PletA6Sca. The confocal section in Fig. 2C also identiﬁes two layers of
Plet-1 positive cells: one basal layer (PletA6) and one suprabasal (Plet).
It is clear that the suprabasal layer has higher levels of Plet-1 than the
basal layer and this is also evident from the FACS proﬁles in Fig. 1A
upper left panel. It can also be noted that the level of Itgα6 is lower
(about a factor 2) in the populations PletA6 and PletA6Sca as compared
to the levels of Itgα6 in Bulge (Fig. 2D).
3.4. Distinct expression proﬁles of hair follicle related genes
To test the samples before global transcriptome proﬁling we sorted
the described populations onto glass slides in order to stain for epidermal
basal layer keratin 14 (Krt14) and differentiation maker keratin 10
(Krt10) (Gunnarsson et al., 2016 Data in Brief Fig. 4A and 4B). Krt10
was predominantly expressed in the Plet-1negSca-1posItgα6lowCD34neg
population (Sca) (Gunnarsson et al., 2016 Data in Brief Fig. 4A). Sca is
not a well deﬁned population and we were unable to isolate enough
cells for microarray analysis. However, based on the expression of Krt10
we consider this population to cells that have initiated terminal differen-
tiation and small enough to be included in the primary size gate that ex-
cludes the majority of the differentiated cells (data not shown). Krt10
expressing cells were also more frequently seen in the IFE and Plet frac-
tions compared to the other populations. Krt14 was most abundant in
IFE followed by A6, while its lowest expression could be detected in IRK
and Plet (Gunnarsson et al., 2016 Data in Brief Fig. 4B).
Additionally, in order to indirectly link the ﬂow cytometry data to a
possible anatomical location we quantiﬁed known makers of different
well-described hair follicle compartments using RT-PCR (Fig. 3A-P).
The basal layer proteins Itgα6, Krt14 and Krt5 were expressed in most
populations, and notably most abundantly in basal keratinocytes. Con-
sistent with previous studies, Bulge contains relatively low level of
Itgα6 mRNA compared to its high Itgα6 protein expression (Fig. 3A-C
and Fig. 2A) (Jensen et al., 2008;Morris et al., 2004). In all other aspects,
we ﬁnd that the expression of the four selection markers is reﬂected in
the isolated RNA.
As expected, only cells residing within the bulge expressed CD34
(M.R. Trempus et al., 2003) and Lgr5 (Jaks et al., 2008) (Fig. 3D and E).
Krt15 (Morris et al., 2004) was also more abundantly expressed in
Bulge as compared to the remaining populations, even though not as
markedly as Lgr5 (Fig. 3F). Moreover, Gli1 (Brownell et al., 2011) and
Lgr6 (Snippert et al., 2010) expression has been coupled to cells within
the lower isthmus, a part of the hair follicle located above bulge. Gli1 ex-
pression was seen in A6, PletA6 but also in Bulge (Fig. 3G), in agreement
with the understanding that some Bulge cells express Gli1 (Brownell
et al., 2011). Lgr6 expression was highest in PletA6, followed by
PletA6Sca, IFE, Bulge and A6 (Fig. 3H). This is in congruence with the ob-
servation that Lgr6 is also expressed by cells located in the interfollicular
epidermis and sebaceous glands (Snippert et al., 2010). Lrig1 expression
has been coupled to cells located in upper isthmus, partially co-
expressed with Plet-1 (Jensen et al., 2009). We veriﬁed the co-
expression of Plet-1 and Lrig1, in which Plet-1 gene expression was
highest in the Plet population, followed by PletA6 and PletA6Sca
Fig. 3. RT-PCR expression levels on genes coupled to hair follicle stem cells. Murine dorsal keratinocytes were isolated, stained with antibodies targeting CD34, Sca-1, Itgα6, Plet-1 and
subsequently FACS sorted into lysis buffer at 4 °C. Total RNA was isolated and ﬁrst-strand cDNA synthesized. Fold change was calculated relative housekeeping genes GAPDH and
SDHA. Primer sequences are found in Table S1. Error-bars represent SEM (n= 3).
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dantly expressed in PletA6 (Fig. 3J) suggesting that Lrig1 is primarily
expressed in basal cells. Expression of Blimp1 has recently become
associated with terminally differentiated cells at the upper hair folli-
cle, sebaceous glands and the interfollicular granular layer. We show
that Blimp1 was mainly detected in IRK (Fig. 3K). SCD1 has previous-
ly been shown to mark cells within the sebaceous glands (Zheng
et al., 1999). Our RT-PCR data reveal that IRK followed by IFE show
the highest expression of SCD1 (Fig. 3L). As expected, IFE and
PletA6Sca show high levels of the upper hair follicle marker Sca-1
(Fig. 3M).
We also investigated the populations for expression of the
keratinocyte differentiation markers Krt10 and Involucrin. IFE
expressed Krt10 at a distinctly higher level than all the other popula-
tions, showing that this population contains cells that have initiated ter-
minal differentiation and that they are small enough to be included in
the FACS size gating (Fig. 3N). Interestingly, Plet differed from the
other populations with a high expression level of Involucrin (Fig. 3O),
together with abundant level of the tumor suppressor Sox7 (Man
et al., 2015) (Fig. 3P).3.5. Global gene expression proﬁling reﬂects the population speciﬁc identity
A number of gene expression studies have been made on murine
hair follicle keratinocytes (Table S2). In the expression study presented
here we chose to perform two rounds with focus on different sets of
populations. In the ﬁrst round we chose to analyze the populations,
which are positive to at least one of the markers Sca-1, CD34 or Plet-1
as this would allow us tomore precisely correlate the proﬁle to anatom-
ical location. In the second roundwe chose a limited number of popula-
tions, in which A6 and IRK were included in order to use the
transcriptome proﬁle to pinpoint their anatomical locations. Thus, we
initially isolated PletA6Sca, PletA6, Plet, IFE and Bulge in biological tripli-
cates using ﬂow cytometry and extracted total RNA formicroarray anal-
ysis. We also initiated cultures from the same populations in order to
investigate to what degree culture condition affects the expression pro-
ﬁles and towhat extent a population speciﬁc pattern ismaintained. This
would also allowus inmore detail to investigate the three different Plet-
1pos populations and to what extent they relate biochemically.
Hierarchical clustering, visualized by dendrograms, generated clear
separations between cultured and directly isolated cells, which also
Fig. 4. Hierarchical clustering and principal component analysis (PCA) between directly isolated and cultured epidermal keratinocyte populations IFE, Bulge, Plet, PletA6 and PletA6Sca.
Microarray data were analyzed using GeneSpring GX software with ANOVA and Benjamini-Hochberg false discovery rate (FDR) (p adj. b 0.05 and log Fold Change (logFC) N 0.5) to
generate Hierarchical clustering (A) and Principal component analysis (PCA) (B, C), which separates the freshly isolated epidermal keratinocyte populations by their biological
replicates but cannot distinguish between the cultured samples.
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and B). The hierarchical clustering separated the directly isolated cell
populations as individual populations and Pletwas the ﬁrst population
to branch off followed by Bulge and IFE while PletA6 and PletA6Sca
showed themost similar global transcriptome proﬁles as they group to-
gether with the same distance to the branch point (Fig. 4A and C). To be
able to characterize the epidermal populations individually, we identi-
ﬁed the top 20 upregulated DEGs. These were used to answer the ques-
tion whether single genes could reveal their origin after 14 days in
culture. Interestingly, LOC100046120 in Plet was the only initial
population-speciﬁc gene that still could distinguish its origin population
after culturing (data not shown). For a more complete population-
speciﬁc gene list, see Table S3.
Venn diagrams were generated to visualize the amount of shared
upregulated and downregulated DEGs between the Plet-1 expressing
populations as compared to IFE or Bulge (Gunnarsson et al., 2016 Data
in Brief Fig. 5A–D). In congruence with the hierarchical clustering,
PletA6Sca and PletA6 showed high similarity and shared most of their
DEGs independent on whether IFE or Bulge were used as a reference.
The similarity between PletA6Sca and IFE was also noted as PletA6Sca
only has nine uniquely DEGs when IFE is the reference (Gunnarsson et
al., 2016 Data in Brief Fig. 5A and 5B). Likewise, PletA6 show more sim-
ilarity with Bulge as compared to IFEwhen Bulge is the reference popu-
lation. In terms of percentages, Bulge has in total 40% unique DEGs and
60% of the DEGs shared with any other population. Equivalent numbers
were seen for Plet. This is markedly different for PletA6Sca and PletA6
that share 93% and 98% respectively and thus, only have 7% and 2%
unique DEGs (Gunnarsson et al., 2016 Data in Brief Fig. 5A–D).
DAVID and Ingenuity gene ontology software were used to investi-
gate the epidermal and cellular functions inﬂuenced by the
population-speciﬁc upregulated DEGs (Tables S4 and S5). IFE wasmainly coupled to epithelial and cellular development. These features,
together with hair development, were also seen in PletA6Sca and Plet.
Cellular proliferation was also a main feature of PletA6Sca, while Plet
was strongly linked to epidermal differentiation. The main epithelia
functions of PletA6were linked to organ, hair follicle and skin develop-
ment and function. In congruence with its location, Bulge showed
organ development as the main physical function associated with the
hair follicle but also strong cellular characteristics coupled to cell adhe-
sion. Plet and IFEwere also involved in cellular movement. Examples of
the highest upregulated population-speciﬁc DEGs and corresponding
gene ontologies are presented in Table 1.
In the second round of the expression proﬁling we isolated the pop-
ulations Plet, PletA6, IRK and A6 in order to gainmore insight into the two
latter populations as the lack of molecular markers prevent us from
pinpointing a speciﬁc location. PCA clearly allocates biological replicates
in clusters and also clearly separates the four populationswith no appar-
ent bias regarding Plet-1 or Itgα6 expression (Fig. 5A). However, hierar-
chical clustering reveals that the populations group rather on their Itgα6
expression levels than of the Plet-1 expression levels (Fig. 5B).
The numbers of shared DEGs between the four populations were
quantiﬁed. Interestingly, if both Plet-1 and Itgα6 gene expression
were different, those populations shared zero or close to zero DEGs.
This was seen for both upregulated and downregulated DEGs when
using either Plet or PletA6 as reference population (Fig. 5C) and can be
illustrated by comparing any two diagonally located populations in
the PCA graph (Fig. 5A). We found that top upregulated DEGs for A6
were associated with cell migration and adhesion, proliferation, differ-
entiation, development and function (Table 2, Tables S6 and S7). For
the IRK population, genes were mainly coupled to stratiﬁed epithelia,
hair follicle and skin development, cell proliferation, differentiation
and adhesion.
Table 1
Gene ontology from the population-speciﬁc upregulatedDEGs of Plet, PletA6, PletA6Sca, IFE
and Bulge.
Examples of top upregulated genes in
Plet
Cellular development and function
Orm1 (Orosomucoid 1)
Cell structure and differentiation
Pak3 (P21 Protein
(Cdc42/Rac)-Activated Kinase 3)
Sprr1a (Small Proline-Rich Protein 1
A)
Ivl (Involucrin)
Grghl1 (Grainyhead-Like 1)
Klk7 (Kallikrein-Related Peptidase
7)
Cdsn (Corneodesmosin)
Sort1 (Sortilin 1)
Pcdh1 (Protocadherin 1)
Cell differentiation
CD86
Examples of top upregulated genes in
PletA6
Cellular development and function
Fst (Follistatin)
Cellular growth and proliferation
Tgfb2 (transforming growth factor,
beta 2)
Sulf1 (Sulfatase 1)
Cell signalling and receptors
Robo2 (Roundabout, Axon Guidance
Receptor, Homolog 2)
lgr6 (Leucine-Rich Repeat
Containing G Protein-Coupled
Receptor 6)
P2rx4 (Purinergic Receptor P2X,
Ligand Gated Ion Channel, 4)
Examples of top upregulated genes in
PletA6Sca
Cellular growth and proliferation
Birc5 (Baculoviral IAP Repeat
Containing 5)
Cenpf (Centromere Protein F)
Mki67 (Marker Of Proliferation
Ki-67)
Hist1h3d (Histone Cluster 1, H3d)
Hist1h3e (Histone Cluster 1, H3e)
Mad2l1 (MAD2 Mitotic Arrest
Deﬁcient-Like 1)
Hist2h2ab (Histone Cluster 2, H2ab)
Cdca3 (Cell Division Cycle
Associated 3)
Cdc20 (Cell Division Cycle 20)
Ncapd2 (Non-SMC Condensin I
Complex, Subunit D2)
Anln (Anillin Actin Binding Protein)
Nusap1 (Nucleolar And Spindle
Associated Protein 1)
Cell structure
Krt16 (Keratin 16)
Krt78 (Keratin 78)
Examples of top upregulated genes in IFE
Cellular development and function
Satb1 (SATB Homeobox 1)
Rab27a
Phldb2 (Pleckstrin Homology-Like
Domain, Family B, Member 2)
Ngfr (Nerve Growth Factor Receptor)
Scd1 (Stearoyl-CoA Desaturase)
Hsd3b7 (Hydroxy-Delta-5-Steroid
Dehydrogenase, 3 Beta- And Steroid
Delta-Isomerase 7)
Grtp1 (Growth Hormone Regulated
TBC Protein 1)
Cell signalling and receptors
Dok4 (Docking Protein 4)
Sec14l2
Celsr1 (Cadherin, EGF LAG SevenPass
G-Type Receptor 1)
Adora2b (Adenosine A2b Receptor)
Adhesion and migration
Efemp1 (EGF Containing Fibulin-Like
Extracellular Matrix Protein 1)
Sema3f
Cellular Proliferation
Rasa3 (RAS P21 Protein Activator 3)
Examples of top upregulated genes in
Bulge
Cellular development and function
Dkk3 (Dickkopf WNT Signalling
Pathway Inhibitor 3)
Kif21b (Kinesin Family Member 21B)
Duoxa1 (Dual Oxidase Maturation
Factor 1)
Tnc (Tenascin C)
Hexa (Hexosaminidase A)
Ddah2 (Dimethylarginine
Dimethylaminohydrolase 2)
Duox1 (Dual Oxidase 1)
Cellular growth and proliferation
S100a4 (S100 Calcium Binding Protein
A4)
Adamtsl4 (ADAMTS-Like 4)
Lgals1 (Lectin, Galactoside-Binding,
Soluble, 1)
Cellular signalling
Cxcl14 (Chemokine Ligand 14)
Sfrp1 (Secreted Frizzled-Related
Protein 1)
Plxna2 (Plexin A2)
Itgb6 (Integrin, Beta 6)
Cell structure
Ecm1 (Extracellular Matrix Protein 1)
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To be able to determine the locationwithin the hair follicle of the IRK
population,which is negative for all four selectionmarkers, the intracel-
lular heat shock protein Hspa2 was chosen from the IRK population-speciﬁc upregulated genes (Table S6) together with Krt15 (Fig. 6A)
and Itgα6 (Gunnarsson et al., 2016 Data in Brief Fig. 6A-B) for mouse
whole-mount staining. Immunolabeling revealed that Hspa2 is
expressed by suprabasal cells of the lower hair follicle inner root sheath,
adjacent to the basal-layered Krt15 bulge staining but also slightly ex-
ceeding its upper limit towards the isthmus.
3.7. Krt79 is highly expressed by the Plet population
A recent study has coupled Krt79 expression to migratory hair folli-
cle keratinocytes that replenish the suprabasal layers throughout the in-
fundibulum and upper isthmus, showing co-expression of Lrig1
(Veniaminova et al., 2013). Whole-mount immunostaining shows that
Krt79pos cells within these areas largely co-express Plet-1 (Fig. 6B and
Gunnarsson et al., 2016 Data in Brief Fig. S6D). Ourmicroarray data con-
ﬁrms high levels of Krt79 in Plet and to a lesser degree in IRK (Table S8),
which is in congruence with immunoﬂuorescence staining on ﬂow
sorted cells were almost all Plet keratinocytes and nearly 40% of the
IRK population show high Krt79 expression (Gunnarsson et al., 2016
Data in Brief Fig. 6F). Taken together, the RT-PCR proﬁles support that
the population Plet resides within the suprabasal layers of the upper
isthmus as shown by confocal microscopy in Fig. 2.
3.8. Cultured cells erase the population speciﬁc expression pattern
Interestingly, no distinctions could be made between the cultured
cell populations using global clustering or PCA. In addition, thousands
of upregulated and downregulated DEGs could be detected between
each of the directly isolated populations and their cultured respective
(Table S4). DAVID analysis was performed on the DEGs between the di-
rectly isolated populations and their the cultured respective (Table S9A-
F). Genes coupled to theWnt receptor-signalling pathway and develop-
mental processes were downregulated in all cultured populations com-
pared to the directly isolated cells. On the other hand, the cultured cells
showed a large portion of upregulated genes that were associated with
proliferation, chromatin assembly and epidermis development. It has
previously been presented that the transcription factor Trp63 is
expressed by epidermal stem cells and progenitors to preserve their im-
mature state (Su et al., 2009; Senoo et al., 2007). Our data show a strong
downregulation of Trp63 when comparing the populations Bulge, IFE
and PletA6 to their non-cultured respective (Table S9).
4. Discussion
Within the hematology community, it is standard to use ﬂow cytom-
etry panels containing 10 or more antibodies (http://www.euroﬂow.
org/usr/pub/pub.php). The epidermis is probably a less complex system
with fewer terminal differentiated lineages and it is not usual to use
more than three surface markers for ﬂow cytometry. Occasionally, a
speciﬁc promoter will drive the expression of GFP to mark speciﬁc
cells. In this paper we show that the use of an antibody panel to the
four surface markers CD34, Sca-1, a6-integrin and Plet-1 can be used
to identify several distinct populations in wild-type mouse epidermis.
Interestingly, we identiﬁed three different subpopulations of Plet-1 pos-
itive keratinocytes based on their expression of Sca-1 and Itgα6: Plet
PletA6 and PletA6Sca. Plet-1 (recognised by the antibody MTS24) has
been shown to be expressed in the hair follicle superﬁcial to the bulge
and PletA6 cells were equally clonogenic as CD34 positive bulge cells
(Nijhof et al., 2006; Raymond et al., 2010). Although expression of
Itgα6 is high in most of the basal layer, cells in the upper isthmus ex-
press lower levels as shown by Jensen et al. (2008)). They also showed
that high colony forming efﬁciency in vitrowere not necessarily equal to
high multipotency. Thus, Sca-1negItgα6lowCD34neg cells had lower
in vitro clonogenic potential than Sca-1negItgα6highCD34neg cells, but
signiﬁcantly higher potency in a hair reconstitution assay (Jensen
et al., 2008). This present study clearly indicates a positive correlation
Fig. 5. Hierarchical clustering, principal component analysis (PCA) and Venn diagrams for the populations Plet, PletA6, IRK and A6. Microarray data were analyzed using GeneSpring GX
software with ANOVA and Benjamini-Hochberg false discovery rate (FDR) (p adj. b 0.05 and log Fold Change (logFC) N 0.5). (A) PCA and (B) hierarchical clustering separates the
keratinocyte populations primarily by their biological replicates, secondary on their Itgα6 expression and lastly, with small margins, on their levels of Plet-1. (C) Venn diagrams
illustrating the number of shared upregulated and downregulated DEGs between the populations compared to either Plet or PletA6. Total number of DEGs for each population is shown
within the parentheses.
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(Fig. 1D). Interestingly, a population A6 that is negative to the markers
Plet-1, CD34 and Sca-1 but showing high levels of Itgα6 is highly
clonogenic in vitro, but since we lack a speciﬁc and unique positive
markerwe are unable to pinpoint its exact location. From Fig. 3 it is sug-
gested that it should be found either among cells expressing Gli1, which
is located either in the distal part of the bulge region or within the distal
part isthmus (Brownell et al., 2011) and possibly adjacent to PletA6
which also has high level of Gli1. We did, however, not identify the an-
atomical location of this subset of cells using two commercially available
antibodies against Gli1 (data not shown). As expected, we also detected
Gli1 expression in the Bulge (Fig. 3G). These data are not incompatible
with the present understanding of Gli1 expression in the epidermis
which is summarized in a recent review by Schepeler et al. (2014) and
it may suggest that A6 is either located within the isthmus, lower
bulge or both.
Sca-1 expression has earlier been shown tomark cells with poor CFE
(Jensen et al., 2008; Jensen et al., 2009). We can now for the ﬁrst time
show that a PletA6Sca is a highly proliferative subpopulation of Plet-1pos cells that displays almost as efﬁcient colony forming efﬁciency as
A6, both in numbers and colony size (Fig. 1D and E). This has been
overlooked in previous studies since the population constitutes a
small subpopulation of the very large population of Sca-1pos cells that
perform inefﬁciently in the in vitro assays. Plet displayed signiﬁcantly
less percentage of colonies above 4 mm compared to all the other pop-
ulations (Fig. 1E), which could be explained by its low level of Itgα6 and
suprabasal position.
Several papers that describe subpopulations in the epidermis pres-
ent global expression data and they often compare the population of in-
terest to only one or two other populations. In this study, we examine
the gene-expression proﬁles from seven subpopulations from wild
type C57Bl6/J mice. This veriﬁes that Plet-1 and Lrig1 are co-expressed
within the same populations (Page et al., 2013). The high expressions
of Lrig1, corniﬁn-α, involucrin, Krt10, Krt17 and Krt79 indicate that
the Plet population cells are most likely the described suprabasal popu-
lation located in the inner root sheath (IRS) of the isthmus
(Veniaminova et al., 2013). The expression proﬁles also revealed that
Heat shock-related 70 kDa protein 2 encoded by Hspa2 is highly
Table 2
Gene ontology analysis for the population-speciﬁc upregulated genes of IRK and A6.
Examples of top upregulated genes in IRK
Cell development and function
Cbara1 (Calcium-Binding Atopy-Related
Autoantigen 1)
HSPA2 (Heat Shock Protein 2)
Cell differentiation and apoptosis
Dapl1 (Death Associated Protein-Like 1)
Bcl2 (B-Cell CLL/Lymphoma 2)
Cell adhesion and migration
Lgals3 (Lectin, Galactoside-Binding, Soluble,
3)
Macf1 (Microtubule-Actin Crosslinking
Factor 1)
Cell proliferation
Ptgs1 (Prostaglandin-Endoperoxide
Synthase 1)
Dlx5 (Distal-Less Homeobox 5)
Adipor2 (Adiponectin Receptor 2)
Strateﬁed epithelia related
Kprp (Keratinocyte Proline-Rich Protein)
Krtdap (Keratinocyte
Differentiation-Associated Protein)
Klk5 (Kallikrein-Related Peptidase 5)
Spink5 (Serine Peptidase Inhibitor, Kazal
Type 5)
Aloxe3 (Arachidonate Lipoxygenase 3)
Gja1 (Gap Junction Protein, Alpha 1)
Calm4 (Calmodulin-Like 5)
Arg1 (Arginase 1)
Serpinb2 (Serpin Peptidase Inhibitor, Clade
B, Member 2)
Rora (RAR-Related Orphan Receptor A)
Hair follicle and skin development
Nfatc2 (Nuclear Factor Of Activated T-Cells,
Cytoplasmic, Calcineurin-Dependent 2)
Idb4 (Inhibitor Of DNA Binding 4)
Scd1 (Stearoyl-CoA Desaturase 1)
Orai1 (ORAI Calcium Release-Activated
Calcium Modulator 1)
Elovl4 (ELOVL Fatty Acid Elongase 4)
Examples of top upregulated
genes in A6
Cell migration and adhesion
Cxcl12 (Chemokine (C-X-C
Motif) Ligand 12)
Nrxn2 (Neurexin 2)
Igsf4a (Cell Adhesion Molecule
1)
Cell proliferation
Gli3 (GLI Family Zinc Finger 3)
Ccdc3 (Coiled-Coil Domain
Containing 3)
Cell differentiation
Adh7 (Alcohol Dehydrogenase
7)
Ntrk2 (Neurotrophic Tyrosine
Kinase, Type 2)
Cell development and function
Ssbp2 (Single-Stranded DNA
Binding Protein 2)
Rps7 (Ribosomal Protein S7)
Mbnl1 (Muscleblind-Like
Splicing Regulator 1)
Ptpre (Protein Tyrosine
Phosphatase Type, E)
Receptors
Sema3c (Sema Domain 3C)
Lrp12 (Low Density Lipoprotein
Receptor-Related Protein 12)
Ccl7 (Chemokine Ligand 7)
Hair follicle development
Fgfr2 (Fibroblast Growth Factor
Receptor 2)
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of the bulge region (Fig. 6A and Gunnarsson et al., 2016 Data in Brief Fig.
6A–C). Very little is known about the function ofHspa2 in the epidermis
although expression has been shown in the human epidermis. Its loca-
tion within the IRS may suggest that Hspa2 is necessary for folding of
proteins during terminal differentiation in the mouse epidermis. It
also shows that the inner root sheath is consists of more than just one
cell type. HSPA2 is conﬁned to the inner root sheath of the bulge and
this suggests that inner root sheath cells of the bulge and inner root
sheath cells of the isthmus/upper isthmus serve different functions. In
this context we also noted that CD34 is primarily localized to the
suprabasal side (equivalent to apical pole in simple epithelia) of the
bulge cells and opposite Intα6. The function of CD34 in the bulge has
never been ﬁrmly established, but the location may suggest that it is in-
volved in cell-cell interaction between basal cells and suprabasal inner
root sheath cells and since CD34 has been suggested to inhibit cell adhe-
sion (Ohnishi et al., 2013), it is tempting to speculate if CD34 acts to pre-
vent adhesion between the outer and inner root sheath.
The expression of Lgr6 has been shownwithin a population residing
in the lower isthmus (Snippert et al., 2010).Weﬁnd lower expression of
Lgr6 within the populations IFE, Bulge and PletA6Sca and high expres-
sion in PletA6. This indicates that PletA6, which is highly proliferative
in vivo and show high clonogenic capacity in vitro, is located within
the lower isthmus and equivalent to the Lgr6pos population Snippertet al. described (Snippert et al., 2010). It also seems that Lgr6 is a sub-
population of the Lrig1pos cells, where our results suggest that Lgr6 is
exclusively located to the basal layer as the expression is absent in
Plet. Wemust therefore assume that PletA6 has a relatively high potency
regarding the ability to form all epidermal compartments as lineage
tracing using the Lgr6 promoter showed staining of beta-galactosidase
consistent with stem cell behaviour. Our results also pinpoint potential
problems in using the promoters from Lgr6, Plet-1 and Lrig1 for linage-
tracing experiments. Under normal steady state conditions both Lrig1
and Plet-1 are relatively highly expressed by more than one well-
deﬁned population, while Lgr6 shows lower expression in other com-
partments verifying the ﬁndings by Page et al. (2013). Although
lineage-tracing experiments are of very high value in stem cell research,
such ﬁnding presented here must warrant cautions in the
interpretations.
Microarray-based global hierarchical clustering clearly separated all
the directly isolated keratinocyte populations. In the ﬁrst round of anal-
ysis (Fig. 4) where we focused on known and well characterized popu-
lations the Plet population clearly separated from the rest of the
populations, which is probably explained by Plet being suprabasal. Sub-
sequently, the cluster analysis separated Bulge followed by IFE. PletA6
and PletA6Sca are the two populations that most resemble each other
and this may be explained by the Sca-1 expression proﬁles that deﬁne
the two overlapping populations (Fig. 1A). However, a greater similarity
was seen between PletA6Sca and IFE compared to PletA6 and IFE (Fig. 4A
and C; Table S3) and again may suggest PletA6Sca as the progeny of
PletA6 that has initiated migration to the infundibulum where cells be-
come Sca-1pos.
It is debated to what extent the characteristics of hair follicle stem
cells are determined by their niches (Hsu et al., 2014; Mesa et al.,
2015). In contrast to the directly isolated cells, we can show that cul-
tured cells from each of the populations acquire similar global gene-
expression proﬁles that cannot be distinguished from each other
(Fig. 4A and B) after 14 days in culture (also see Table S4). This indicates
that the cells are either highly affected by extrinsic inﬂuences from
nearby environment or that a speciﬁc phenotype is selected for during
culturing. Clearly thephenotype regarding CFE is not changed by the en-
vironment suggesting that intrinsic factors that we are unable to mea-
sure in the array analysis are playing a important role. The most
notable pathways to be affectedwas theWntpathwaywhichwasmark-
edly down regulated in cultured cells primarily from the hair follicle
populations located in the basal layer and Wnt signalling is a well
known key factor in hair follicle morphogenesis and maintenance
(Huelsken et al., 2001). Trp63 is also downregulated in cultured
keratinocytes and in human keratinocytes Trp63 has previously been
linked to stemness (Pellegrini et al., 2001).
5. Conclusion
In this study, we show that by using the four surface markers CD34,
Sca-1, Itgα6 and Plet-1 we can identify and isolate eight epidermal pop-
ulations. In particular, the resolution of subpopulations within the pilo-
sebaceous unit is enhanced and this could be relevant when studying
disease phenotypeswhere possible dysfunction of this region is present,
such as acne.
We show that PletA6Sca is a highly clonogenic and proliferating pop-
ulation while PletA6most likely represents the Lgr6pos population de-
scribed by Snippert et al. (2010). By using gene-expression proﬁling
we show that the populations Plet and IRK express several suprabasal
differentiation markers and most likely constituting cells of the inner
root sheath within the central and lower hair follicle respectively. Our
data show that the different keratinocyte populations acquire similar
gene expression proﬁles without much resemblance to the parent pop-
ulation when subjected to culture conditions, and this also highlights
the limitations in gene expression studies on cultured keratinocytes.
Finely our results raises some concerns regarding studieswhere speciﬁc
Fig. 6.Whole-mount staining of the suprabasal markers Hspa2 and Plet-1. Confocal section views of murine tail-whole mounts stained with antibodies against (A1–A3) Krt15/Hspa2 or
(B1–B3) Krt79/Plet-1. Showing the expression of (A1) Krt15 (green), (A2)Hspa2 (red) and (A3)merged imagewithDAPI nuclear staining (blue). (B1) Krt79 expression (green), (B2) Plet-
1 (red) and (B3) merged image. White arrowheads mark suprabasal cells with co-expression of Krt79 and Plet-1. Scale bar: 50 μm.
201A.P. Gunnarsson et al. / Stem Cell Research 17 (2016) 191–202promoters are used in lineage tracing experiments as our ﬂow cytome-
try data suggest a more complex expression pattern of markers such as
Plet-1 and LRIG1 being shared bymore than onepopulation and inmore
than one cell layer of the hair follicle.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2016.06.002.
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